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Background on Mouse as a Model Organism 

Over the past century, the mouse has developed into the premier mammalian model 
system for genetic research. Scientists from a wide range of biomedical fields have 
gravitated to the mouse because of its close genetic and physiological similarities to 
humans, as well as the ease with which its genome can be manipulated and analyzed. 

Although yeasts, worms and flies are excellent models for studying the cell cycle and 
many developmental processes, mice are far better tools for probing the immune, 
endocrine, nervous, cardiovascular, skeletal and other complex physiological systems that 
mammals share. Like humans and many other mammals, mice naturally develop diseases 
that affect these systems, including cancer, atherosclerosis, hypertension, diabetes, 
osteoporosis and glaucoma. In addition, certain diseases that afflict humans but normally do 
not strike mice, such as cystic fibrosis and Alzheimer's, can be induced by manipulating the 
mouse genome and environment. Adding to the mouse's appeal as a model for biomedical 
research is the animal's relatively low cost of maintenance and its ability to quickly multiply, 
reproducing as often as every nine weeks. 

Mouse models currently available for genetic research include thousands of unique 
inbred strains and genetically engineered mutants. There are mice prone to different 
cancers, diabetes, obesity, blindness, Lou Gehrig's disease, Huntington's disease, anxiety, 
aggressive behavior, alcoholism and even drug addiction. Immunodeficient mice can also 
be used as hosts to grow both normal and diseased human tissue, a boon for cancer and 
AIDS research. 

In the early days of biomedical research, scientists developed mouse models by 
selecting and breeding mice to produce offspring with the desired traits. Researchers also 
learned to produce useful, new models of genetic disease quickly and in large numbers by 
exposing mice to DNA-damaging chemicals, a process known as chemical mutagenesis. 
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In recent decades, researchers have utilized an array of innovative genetic 
technologies to produce custom-made mouse models for a wide array of specific diseases, 
as well as to study the function of targeted genes. One of the most important advances has 
been the ability to create transgenic mice, in which a new gene is inserted into the animal's 
germline- Even more powerful approaches, dependent on homologous recombination, have 
permitted the development of tools to "knock out" genes, which Involves replacing existing 
genes with altered versions; or to "knock in" genes, which involves altering a mouse gene in 
its natural location. To preserve these extremely valuable strains of mice and to assist in the 
propagation of strains with poor reproduction, researchers have taken advantage of state- 
of-the-art reproductive technologies, including cryopreservation of embryos, in vitro 
fertilization and ovary transplantation. 

The Jackson Laboratory, a publicly supported national repository for mouse models 
in Bar Harbor, Maine, has played a crucial role in the development of the mouse into the 
leading model for biomedical research. Established in 1929, the non-profit center pioneered 
the use of inbred laboratory mice to uncover the genetic basis of human development and 
disease. In fact, the famous "Black 6" or C57BL/6J mouse strain whose genome is the 
focus of the landmark sequencing effort was developed in the early 1920s by The Jackson 
Laboratory founder Clarence Cook Little. 

Today, researchers at The Jackson Laboratory pursue projects in areas that include 
cancer, development and aging, immune system and blood disorders, neurological and 
sensory disorders, and metabolic diseases. Informatics researchers work with the public 
sequencing consortium to curate and integrate the sequenced mouse genome data with the 
wealth of biological knowledge collected in Jackson's Mouse Genome Informatics resource. 

In addition, The Jackson Laboratory distributes 2,700 different strains and stocks as 
breeding mice, frozen embryos or DNA samples. In FY 2002 alone, the lab supplied 
approximately 2 million mice to the international scientific community. 

Listed below is a sampling of mouse models developed and/or distributed by The 

Jackson Laboratory, along with brief descriptions of the human diseases they are helping 

scientists to understand: 

• Down Syndrome - One of the most common genetic birth defects in humans, 
occurring once in every 800 to 1,000 live births, Down syndrome results from an extra copy of 
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chromosome 21, an abnormality known as trisomy. The Ts65Dn mouse, developed at The Jackson 
Laboratory, mimics trisomy 21 and exhibits many of the behavioral, learning, and physiological 
defects associated with the syndrome in humans, including mental deficits, small size, obesity, 
hydrocephalus and thymic defects. This model represents the latest and best improvement of Down 
syndrome models to facilitate research into the human condition. 

• Cystic Fibrosis (CF) - The Cftr knockout mouse has helped advance research into 
cystic fibrosis, the most common fatal genetic disease in the United States today, occurring in 
approximately one of every 3,300 live births. Scientists now know that CF is caused by a small 
defect in the gene that manufactures CFTR, a protein that regulates the passage of salts and water in 
and out of cells. Studies with the Cftr knockout have shown that the disease results from a failure to 
clear certain bacteria from the lung, which leads to mucus retention and subsequent lung disease. 
These mice have become models for developing new approaches to correct the CF defect and cure 
the disease. 

• Cancer - The p53 knockout mouse has a disabled Trp53 tumor suppressor gene that 
makes it highly susceptible to various cancers, including lymphomas and osteosarcomas. The mouse 
has emerged as an important model for human Li-Fraumeni syndrome, a form of familial breast 
cancer. 

• Glaucoma - The DBA/2J mouse exhibits many of the symptoms that are often 
associated with human glaucoma, including elevated intraocular pressure. Glaucoma is a debilitating 
eye disease that is the second leading cause of blindness in the United States. 

• Type 1 Diabetes - This autoimmune disease, also known as Juvenile Diabetes, or 
Insulin Dependent Diabetes Meliitus (IDDM), accounts for up to 10 percent of diabetes cases. Non- 
obese Diabetic (NOD) mice are enabling researchers to identify IDDM susceptibility genes and 
disease mechanisms. 

• Type 2 Diabetes - A metabolic disorder also called Non-Insulin Dependent Diabetes 
Meliitus (NIDDM), this is the most common form of diabetes and occurs primarily after age 40. The 
leading mouse models for NIDDM and obesity research were all developed at The Jackson 
Laboratory: Cp^ m t Lep^, Lepr db and tub. 

• Epilepsy - The "slow-wave epilepsy," or swe t mouse is the only model to exhibit both 
of the two major forms of epilepsy: petit mal (absence) and grand mal (convulsive). It shows 
particular promise for research into absence seizures, which occur most often in children. 

• Heart Disease - Elevated blood cholesterol levels and plaque buildup in arteries within 
three months of birth (even on a low-fat diet) are characteristics of several experimental models for 
human atherosclerosis: \hsApoe knockout mouse and C57BL/6J. 

• Muscular Dystrophy - The Dmd mouse is a model for Duchenne Muscular 
Dystrophy, a rare neuromuscular disorder in young males that is inherited as an X*linked recessive 
trait and results in progressive muscle degeneration. 

• Ovarian Tumors - The SWR and SWXJ mouse models provide excellent research 
platforms for studying the genetic basis of ovarian granulosa cell tumors, a common and very serious 
form of malignant ovarian tumor in young girls and post-menopausal women. 

Contact: Geoff Spencer NHGRI Phone: (301) 402-091 1 

Last Reviewed: September 2004 
, , Top of page 
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The Knockout Mouse Project 



Mouse knockout technology provides a powerful means of elucidating gene function in rfao, and a publicly available 
genome-wide collection of mouse knockouts mould be significantly enabling for biomedical discovery. To date, published 
knockouts exist for only about 10% of mouse genes. Furthermore, many of these are limited in utility because they have 
not been made or phenot/ped In standardized ways, and many are not freely available to researchers. It fs time to harness 
new technologies and efficiencies of production to mount a high-throughput international effort to produce and 
phenotype knockouts for all mouse genes, and place these resources Into the public domain. f 



Mow Out the human and mouse genome 
sequence* anr known attention has turned 
10 elucidating gene function and identifying 
gene products thai might htvr thenpeouc 
value. The laboratory mows* (Mid mus£ulu$) 
has had * prominent rot* in fht study of 
human disease mcchanUms throughout I he 
rich, 1 00-year history of classical mouse gener- 
ic*, exerapfified by the lessons learned (ram 
naturally occurring mutants such as agouti 1 , 
reefer 4 and oboe*. The large-scale production 
and auatysb of induced genetic mutation* in 
wotina, flics, zrbrafiih and mice havr greatly 
aofidcrated ih* understanding of gene function 
in the** organism*. Among the model organ- 
isms, the mow offers particular advantage! 
for thestudy ofhuroan biology and disease (i) 
die mouse U a mammal and us development, 
body plan, physiology*, behavior and disease* 
have much in common with those of human*; 
{&) almost aB (99%} mouse genes have 
homotog* in humans; and On) the mooie 
genome supports targeted mutagenesis in spe- 
cific genes by homologous recombination in 
embryonic stem ( ES) cells, aliowtny, genes to be 
altered cflk*cuu"y and precisely. 

The ability to disrupt* or knock out. a spe- 
cific gm* in £5 crib and rntte was developed 
mthehtcl98Qs(re£ 7* and the use of knock- 
out mice has led to many Uuhjhu into human 
btologjr and disease** 11 . Current technology 
oho pemttu insertion <>f 'reporter' genes into 
the knocked -out gene, which can then be 
used to determine the temporal and spatial 



Tfu ComprAemhv Kmtkrut Momm 
Prejett Consortium* 

tmdofth* paper. 



expression pattern of the fcnoxked-out gene in 
mouse tissues. 5uch marking of cdli by a 
reporter gear fadUtates the idouifceatkn of 
new cell types according to their gene expres- 
sion patterns and Allows further eharacterixa- 
tioo of marked tissues and single cells. 

Appreciation of the power of mouse genet ■ 
ks to inform the study of mammalian physi- 
ology and disease, coupled with the advent of 
the moose genome sequence and the ease of 
producing mutated sticks, has catalyzed pub* 
tic and private sector initiatives to produce 
mouse mutants on a targe scale, with the goal 
of eventually knocking out a substantial por- 
tion of the mouse gennra* ,u *. Largi-seatr, 
pubtidy funded gene-trtp programs have 
been initialed in several countries, with the 
International Genr Trap Consortium coordi- 
nating certain efforts and resources' 4 '". 

ttcsptte these efforts, the tola! number of 
knockout mke described in the Htcrature U 
rdatively modest, corresponding to only-id* 
of the -25,000 mouse genes. The enroled 
Urauc Knockout Br Mutation Database Bsc* 
2J669 unique genes (C Rathbone, personal 
communication)* tltc curat al Mouse Genome 
Database tuts 2347 unique gents* and an 
anatysii at Lexicon Genetics identified 2,492 
unique genes 1H&* unpublished data). Must 
of these knockouts are nor readily available to 
scientists who may want to use there tn their 
research: for example, only 415 unimte genes 
ant represented as targeted mutations in die 
{acfcsoo Laboratory** Induced Mutant 
Resource database (S. Rock wood, personal 
ctmvmunkarion). 

The converging interests of multiple mem- 
ber* of thegenomio community tod to a meet- 
Eng to discus* the advisability and leasibtliryof 



a dedicated project to producs knodaatit alleles 
for aS mouse genes and ptace them into the 
public domain. The meeting took place from 
30 Scptcnibcr to I October 2003 at the 
Banbury Conference Center at Cold Spring 
Harbor Laboratory. The attendees of the meet* 
ing art the authors of thh paper. 

H a systematic project warranted! 
A coordinated project to systanatkaUy knock 
out afl mouse genes is likely to be of enormous 
benefit to the research community, given the 
denumnrated power oiTsnocfawtrnice todud* 
date gene function, the frequency of unpre- 
dietcd phenotype* in knockout mice, the 
potential economics of state in an organized 
arKlcajvnjllypUniseUprujfa.andthchighcost 
and lack of availability of knockout tnicr being 
made in current efforts. Mo j cover, mmtcmeni- 
mg such a systematic and comprehensive plan 
wB grcady acccienuc thcuawlstion of genome 
(eqaezKo into biological insights. Knockout ES 
ceils and mice currently available from tfte pub- 
lic and private sectors should be Incorporated 
into the genome-wide iiu'osrivt as much as 
possible, although some may be need to be pro- 
duced aglia if they were made with suboplimal 
methods tcp* not including a marker) or if 
(heir use is restricted by intcSrctual property or 
other constraints. The advantages of such a sys- 
tematic and amnluuted effort include ctBornt 
production with reduced costi; unuorm use of 
knockout methods, allowing tor rnarr compa- 
rabfltty between knodunii mice; and ready 
access to mice their dernotms and dau io al) 
rescaichcrs without encumbrance. Solutions to 
the logistical, organizational and ioformatkx 
issues tuociaied with producing, characteriz- 
ing and cUstnbuting such a Urge eutmber of 
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Tier 1 phcnoiyping 
Tissue expression analysis 
Knockout mice 



Mouse genome sequence 



flftft I Strucnfft^fisow^p^^loolntiia proposed ICOMP. tfttr* u^rnousa promt seoienct 
as a faundstiMu tweckoutafletesin EScatbwill bt traduced for sQ |tnt& A subset of £8 ctrtl 
knockoutt viii be trrrt each year » produce lutcciout mice, oeterrnlnt tie cxpiession pattern of the 
targeted gene in a variety el tissues and cany out Krosnlr^-fevd (T^ I) phenotyprnfr In * svfa^ «f 
mouse trues, rranstriptame analysis end my* oataited ^ten>^peci& nW2)p^«»y^ng wiBSe 
done, fina&y. spedaiaed phettrtypina wBI be done on a smaBa number of mouse liner, with 
ptrttcutrty inra7*stingpba*e4yp**. Mirage Qitbe KOU*»«c«pHnr the 
specUliatd yh««oiypwt> wfakh m)l occur in jftdmduaJ labor state? with pjrtiqt*» txpertm. 



mice wi3 draw from the experience of related 
project! ia the p-ferate sector aod in academia, 
which have mack or phenocyped hundreds of 
knockout mice using a variety el techniques, 
Lessons learned from these projects include the 
need for redundancy at cadi step to mitigate 
pipeline bottleneck* and the -seed for robust 
informant* systems to trade the production, 
analysts, maiiWfmncr and distribute ^thou- 
sand* oftargj-tm*, constructs, ES cefij and mice. 

Null-reporter jRtfaf should be created 
The project should generate alleles that are 
as uniform as pcsaiblc, to auW efficient pro- 
duction and comparison of mouse pheno- 
type*. The aildei tboukl achieve a balance of 
utility, Jlesbsfity throughput and cost. A 
null *Bde tl an Indispensable starting point 
for studying the function of every gene, 
Inserting a reporter gene p*-gala*iosi- 
dase or green fluorescent protein) allows a 
rapid assessment of which celt types nor- 
mally aupport the expression of that gene. 
Therefore, we propose to produce a ouB- 
reporter allele tot each gene. Making each 
mutation conditional is nature by adding 
oj-elemcnts <c^v UaP or FRT sites) would 



be desirable, but we do not advoutr this as 
part of the mutagenesis strategy unless the 
i ethnological Itmiutiont currently assoct- 
atcd with generating conditional targeted 
mutation* cm * large scale aod in a cost* 
effective manner can be overcomr. 

A combination of methods should he used 
Various method* can be used to create 
mutated aUdcs. including gene targeting, 
gene trapping and RMA interference. 
Advantages of conventional gene urge ling 
include floobifity to design of aDcfes, lack of 
limitation to integration hot spots retiabflity 
for producing complete lasj-of-ruociioa aile* 
lea. abitiry to ptoduce reporter knock- in j and 
condittoaal aildca, and ability to largci ipKct 
variant* and alternative promoters. HAC- 
based targeting hat the potential advantages 
of higher recombination efficiencies and Gex- 
tbifity for producing comple* mutated alle- 
le* 1 *. Gene trapping ii rapid. U cost-cficctivc 
and produce* a large variety of Insertion*! 
mutation* throughout the cenome but can be 
somewhat let* nWbI^^ ,7 * l *" ,l, . There is un<er« 
tatnty regarding the percentage of gene traps 
thai produce a rrue null alkie and the fraction 



of the ^nome that can ultimately be covered 
by gene-trap mutations. Trapping H sot 
entirely random but shows preference for 
larger transcription units and genes more 
highly expressed in £S ecus. In recent studies, 
gene trapping was estimated to potentially 
produce auD aUde* for 50-60% of gcnt*j 
perhaps more if a variety of grwr-trtp vector* 
with different insertion characteristic* is 
used*™. RNA interference offers enormous 
promise for analysts of gene fraction in 
mice** but ts not yet sufficiently developed for 
Urge-scale production of gene owJi&caoens 
capable of reliably producing true nuO alleles. 
Boih {pro-targeting and gene-trapping meth- 
ods ore suitable for producing targe numbers 
of knockout aUdcs, and, given their coinpfc- 
mcoUry advantages, a combination of these 
method* should be used to produce the 
genome* wide collection of null-reporter alle- 
les most emdenUy. 

What should the defiverabtes be? 
A genome-wide knockout mouse project 
could deliver to the research community a 
trove of valuable reagent* and data, including 
targeting and trapping construct* and vec- 
tors; mutant ES cell lines, live mice, frozen 
sperm, frozen embryo*, phtootypic data at a 
variety of levels and <kun\ and a database 
with data vtsualtratkm and mining roots. At a 
mipunum. we believe that a comprehensive 
genome-wide resource of mutant ES cell Hoc* 
from an Inbred strain, each with a different 
gene knocked out, ihould be produced and 
made available to the community. Choosing 
an inbred line 029/SvEvTjk or C57BLttJ), 
ami evaluating the alternative of using ES 
ceUs and tetraptoid aggregation to provide 
potential time savings merits additional sci- 
entific review and dtscusstun 2 ^. ES cells 
should be converted into mice at a rate con- 
sistent with project funding and the ability of 
the worldwide scientific community to ana- 
lyze them. Although the value and co>i-cffcc- 
uveness of systematically characterising (he 
mice is a matter of debate, a KraUcd set of 
broad trad cu*t<tTectivc secerns, probably 
including assessment of developmental 
lethality, pbysica) examination, bask blood 
test*, and hisuxhcmkal anslysi of reporter 
gene cxprcsiion, would be useful. More 
detailed pbenoiyping f based on finding* 
from the initial screen or existing knowledge 
of the gene's function, could be done at spe- 
cial txed centers. All ES ceil clones and mice 
(as frozen embryo* or sperm} should be 
available to any researcher it minimal cost, 
and all mouse phcnofcvptng aod reporter 
expression data should be deposited into a 
public database. 
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la determining ho** to implement the pro- 
ject. otHlty to ike research coramuntry should 
be the standard for Judging value - 8»* **P 
after ES cell gcoerotkm mouse creation, 
brcedmg, expression analysis, phenoxyrdag} 
wiU snake the soovrcc usefcl to more 
rocarchm but wu*J also increase costs and sci- 
entific complcaitr- We therefore advocate * 
'pyramid* structure far the project (fig, 1). At 
Use base of the pyramid is the gesKMnc*widr 
cuikttioo of mutant ES ecu* (or cwy mouse 
gene Over time* a wbsrt of these mutant E5 
cells should be made too mice and character* 
bed wUh an initial phenorype screen (Tier 1; 
Fig. O and arahnii of tissue reporter-gene 
espmsion. A subset of these Bnes should be 
profiled by micTaar ray analysis, and a subset of 
these profited by system-specific (Tier 2) phe- 
notyping, bayed on tbc sesufcs of the Tier 1 
phcxtotypsng, array studies* among knowl- 
edge of the gene's function and the gene** tissue 
expression pattern. With timet (be upper tfcn 
of the pyramid %HU be CUed out* evcxitualh/ 
tranatoTtniag the pyramid into a cube, with 
Information of ■& types available for *H genes. 

This project will require the resolution of 
numerous imeOectuaJ properly claims issvolv- 
ing the production and use of krtockout mice. 
To deal with the existing patents that cover 
the technologies and processes involved In the 
production of mutant once* we suggest that a 
'patent pool' such as that used in the semi- 
conductor industry 15 , should be generated. 
Several iftdmdaal* who rrprcsejitCTrtitkl that 
control pat en is on mouse knockout technolo- 
gic* are authors em this pa pec, and they agree 
with this approach. We also agree thai any 
mutant ES ceflt or mice produced should be 
placed immediately in tlie public domain, 

Atechanterts and cwts 

ES ceil production. Automated kruxkoot 
construct and £5 ceil production should be 
earned out in coordinated centers to ensure 
efficiency and uniformity We estimate that 
most known mouse genes could be knocked 
vol in ES ceils within 5 years, uskg a combine 
lion of gene-tripping and g*tte*Ur$rttng tech- 
niques. Gene trapping con produce a large 
number of mutated alkie* quickly, but us 
progress should be morttrofed closely- toJetcr- 
mine when iti yield of new gene* diminishes 17 
and* therefore, when targeting should be 
increasingly reted on. As large-scale trapping 
prefect* have already defined gear classes thai 
probably cannot he knocked out by trapping 
(cj\, sinfik-exon GPC&s, genes thit sre not 
expressed in ES cdUK we propose that target- 
ing begin on those ejsosrs immediately. aD ES 
etis should be made available to the research 
community, because this collection itself 



would he a valuable resource. Efforts in the 
public and private sectors have already 
kitocM cut many gc^ 
degree, that the alleles produced fit the pro 
scribed characterises (Lc null alkies with a 
reporter) and arc available every effort should 
be nude to iscurpof ate these into the planned 
public resouic*. Cost* fox generatrng this part 
of the resource were estimated at between 
J»-l 1 miHkwVytar for five years (these and all 
subsequent figures are direct cost*). 

Mouse production. The subset of ES cent 
made Into mice each ytxc should be chosen fay 
a pecr*revtcw process. Central facilities for 
high-efScjency mouse production, genotyp- 
ing. breeding, maintenance and archiving 
should be funded, to take advantage of effi- 
ciencies of scale in mouse creation and disui- 
bution. Researchers could apply to produce 
groups of tnke outside the centers, as long u 
they meet the cost specifications of the pro- 
gram. AU mice should be made available 
tmmeujatdy to tescarcheri as fatten embryos 
or sperm, for nominal distribution cost, Aa 
initial target of 500 new mouse lines pec year 
would double the current rate at which new 
genes are knocked out in the public sector; we 
feel that this rate ts within the capacity of the 
biomedical research community worldwide 
to absorb and analyze. *v> estimated the ini- 
tial cost of cms level of mouse production to 
be $12.$-!$ million per year. 

Reporter tissue expression analysis. 
Approxjinitcty 30 Tissues horn adult and 
developments! stages should be sampled to 
cover the main organ systems. Analysis meth- 
ods should be nrttoTtmcd to the organ system 
ami marker, and a searchable database of the 
sites of gene expression, and the images show- 
ing them, should be produced. Centers to 
carry out these analyses and data curatton 
should be seteaed by peer review. We esti- 
mated the cost of this component for 500 
mouse fines to be $2.5-5 million per rear, 
depending on how much tissue sectioning and 
cds-Irvd analysis is done. 

Phcnotrpiaf, Tier 1 phrtsotyping lhauld 
be a low-cost screen Cor dear pbeootypes and 
Should be done on all mouse lines produced 
Tier 1 should include bomc-cogc observatton, 
physical cxattunstiun, blood hematologic*! 
and chermstry profiles, and altdelal radi- 
ographs. The centers producing the mice 
should carry out the Tier J analyses, at an esti- 
mated cost of S2.S nuHion per year lor 500 
lines. Selected tincs > chosen on the basis- of 
findings from Tier 1 phcnolyping, tissue 
expression patterns* mtcroarrmy data end the 
sdenoTtc Utcrarurc, should undergo more 
detailed and sysrrm-focused Tier 2 phtnotyp- 
ing. Tier 2 phcrtorvping should be done in 



specialized phenotyping centers, akin to those 
already in operation for phenotyping of mice 
produced by E*CU mutagenraia. AD Tkr I and 
Tier 2 phenotyping should be done on a uni- 
form genetic background by dedicated group* 
of utdivichuU tn single too twos, to tocUitoie 
ecouisttney and oross-companson of results 
among different mouse lines. All Tier ! and 
Iter 2 phenotyping results should be 
cUposiurfmtoscerjualprojeci daiab^trecly 
accessible to the research community. Metre 
detailed and specialized phenmyping couM be 
done by individual researchers in their own 
laboratories; deposition of this more detailed 
phcucnypc data would be encouraged. 

Traxtscriptome analysis. Transcrtptome 
profiling of tissues from each knockout Hnc. 
collected In a uniform way across aO mice and 
tissue* and placed into a searchable relational 
ttstabatfc, would odd sabstanttaUy to the td- 
cndSc value of the fuoject. though it would 
also add coustderabty to its cost 
Transcript otnc ajulyais ihouhl therefore be 
done «n a subset of mice* ehflsen by peer 
review. We estimate that, with the best cur- 
rently available array technology; an analysis 
often tissues -would cost -413,000 per Knr. 

ConctWons 

This project, teruauVely named the Kisoekout 
Mouse Project (KOMP), wiU be a crucial step 
in harnessing the power of* the genome to 
drive biomedical discovery. By creating a 
publicly available resource of knockout mice 
and phenotypic data, K0MF wilt knock 
down barriers for biologist* to use mouse 
genetics in their research. The scientific con- 
sensus that we achieved — that s dedicated 
project should be undertaken to produce 
mutant mice for all genes and place them 
into the public domain— is important but Is 
only the beginning, implementation of these 
recommendations whl require additional 
input (nun the greater scientific community, 
Including those responsible for program- 
matic direction and financial support of bio* 
medical rcscatch in the public and private 
sectors. This ambitious and historic initiative 
must be carried out as a collaborative efmrt 
of the worldwide acientiuc communiry, so 
that all can contribute their skills, and all can 
benefit. International discussiontimongsci* 
enluSc and programmatic stalls since the 
Banbury meeting at Cold Spring Harbor, in 
both the pubttc and private sectors, have 
shown that there is great enthusiasm and 
eommttrnent to this vision. The next step for 
KOM? wiU be to move this visionary plan 
from conceptual oat ion to implementation, 
with an urgency befit ting the benefit! it will 
bring to science and medicine. 
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Special Topic Overview 

Interpretation of Phenotype in 
Genetically Engineered Mice 



Thomas BootscKman 

Background and Purpose: In mice, gone tic engineering involves two general approaches— addition of an ex- 
ogenous gene, resulting in transgenic mice, and u*o of knockout mice, which have a targeted mutation of an 
endogenous gene. The advantages of those approaches is thai questions can be asked about the function of a 
particular gene in a living mammalian organism, tatting into account interactions among cells, tissues, and 
organs under normal, disease, injury, and stress situations. 

Method*; Review of the literature concentrating principally on knockout mice and questions of u nexpected 
phenotypes, lack of phenotype, redundancy, and effect of genetic background on phenotype will be discussed. 

Conclusion: There Is little gene redundancy in mammals; knockout phenotypes exist even if none are imme- 
diately apparent; and investigating phenotype* in colonics of mixed genetic background may reveal not only 
more phenotypes, hut also may lead to better understanding of the molecular or cellular mechanism underly- 
ing the phenotype and to discovery of modifier genete)* 



One often hears the comment that genetically engineered 
mice, especially knockout mice, are not usefcl because they 
frequently do not yield the expected phenotype. or they don't 
seem to have any pheootype. These expectations are often 
based on years of work* and in some instances, thousands of 
publications of mostly m vitro studies. Examples of unex- 
pected phenotypes, based largely on experience with trans- 
forming growth fector beta {Tgfb) and basic fibroblast 
growth factor {Fgft} knockout and transgenic mice, will be 
presented to discuss possible reasons for unexpected knock- 
out phenotypes. The conclusions will be that the knockout 
phenotypes do, in fact, provide accurate, information con- 
ceraiag gene function, that we should let the o nexpected 
phenotypes lead us to die specific cell, tissue, organ culture, 
and whole animal experiments that are relevant to the (unc- 
tion of the genes in question, and that the absence of phen o» 
tyj» indicates that we have not discovered where or how to 
look for a phenotype. 

Before entering into how one should interpret unexpected 
knockout phenotypes and how one should deal with lack of 
knockout phenotypes, it is necessary to give Q brief introduc- 
tion into how knockout mice are made, for detailed informa- 
tion, the fallowing reviews are suggested (1-4). Transgenic 
technology has had a long history; thus, an introduction to 
that technology will net be given here. Bather, the following 
reviews are suggested (5, 6). At this juncture, it should be 
noted that, although transgenic vertebrates ranging from 
fish to bovids have been produced, knockout technology has 
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to date been successful only in mice, even though embryonic 
Stem (ESl cells have been produced from several other spe- 
cies, including hamster (7 ), rat (8), rabbit (0, 10), pig( U-l$> ; 
bovine £14, 15*. and Mbrafish U6)« Ckaswcuentfy; the entire 
discussion will be focused on mice. 

Knockout mice pre generated by the injection of geneli 
cally engineered or gene-targeted ES cells into a mouse bias 
tocyst to generate a chimeric embryo, which in turn can pas! 
en the engineered gene to its offspring. ES cell lines are es 
tabUshed from the inner cell mass of a mouse blastocyst, 54 
that when injected into blastocysts, the ES cells can incor- 
porate into the inner cell muss of the recipient blastocysts 
thereby cmmeriiring them. Subsequent to transfer of the chi 
merit- blastocysts into uteri of pseudnpregnaat mice, chi 
raeric mice arc born. If the germline of a chimeric mouse ii 
colonized by cells derived from the injected ES cells, the chi 
mera is termed a "gennline" chimera. Some of Qie effsprinj 
of the gormline chimeras will thutt carry the engmeere< 
gene in their genomes. Gene targeting in ES cells uses thi 
ES cells' DNA repair apparatus to bring about Itomologoui 
recombination between an exogenous DNA iragracnt trans 
f acted into the £S cell and its homologous region in the ge 
nozne. Homologous recombination usually results li 
replacement of the endogenous region with thecxegenou! 
fragment, thereby altering the endogenous gene in J 
prespeciaed manner. There are many variations on tin's pro . 
cedure by which genes can be «Uored not finly to ablate func 
tton, bat also to make more subtle mutations (17-10). Sue) 
procedures can be used to introduce point mutation?, rc 
move specific splicing products, switch isofbrms, and human 
iee genes. In addition, technology has recently beei 
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developed to make conditional and inducible knockouts in 
which gene function is tiblatcd either in a developmental^ 
specified tissue (20-22) or in an inducible manner (23-26). 
Those techniques, though exciting, will not be further dis- 

^Ertensive nonrcdundazicy in the TCK? family: Sev- 
eral thousand cell culture studies on the three mammalian 
transforming growth (actor beta proteins CTGF&s 1. 2. and 3) 
have implicated these growth and differentiation factors in 
the function of nearly every cell type studied. Expression 
studies indicated unique and overlapping expression of the 
three TGF&s (27, 28). For examples overlapping protein local- 
ration was finmd in all gut epttbeKa, all layers of the skin, all 
three nrosdo types, kidney tubules, lung bronchi , cartilage, and 
bone (Ihblc 1). Together with the fact that all three TGF&s sig- 
nal through a common TGF tyne-fl receptor (Figure 1), these 
data strongly suggest considerable redundancy in function. 
Consequently, it is surprising that, of the >30 phenotypes of the 
ihree 1)tfb knockout mice that wc have described tf$-dU none 
appear to be overlapping Clable 2>. Wmsq results indicate ex- 
tensive nonredundancy between TGFfJ Uganda oven though 
there is considerable overlap in expression. Of course, these re- 
sults do not rulo out tlie possihuity of soma redundancy in some 
tissues. Combination of the ligand knockouts would uncover 
such situations, and it is likely that a few will coast, but 30 nan- 
overtopping phenotypes for three Uganda strongly suggests 
that a vast number of their functions are not redundant 

There are several possible explanations for how there can 
be co much ovoTlap in ligand expression and yet ao much 
specific ligand function. First. TGFfls are secreted as Is Wat 
peptides and must be activated before they can bind recep- 
tors (32-35). The mechanism by which this extracellular 
processing occurs is not well understood end may be defer- 
ent for cachTGFfc. Hence, ligand processing presumably de- 
termines some functional specificity for the three TCFfSa. 
Second, there tea third type of TGr> receptor, TQFPR3, Uiat 
can interact with hgund and receptor typos I and It before 
cytoplasmic signaling can occur, though involvement of 
TGFJJR3 is not esscniaai for signaling (36-33). Association 
with type III receptors is thought to enhance some TGFJJH1 
ond 2/Ugand interactions. Upon ligand binding, the serine/ 
threonine receptor TCFpK2 then associates with and phos* 
phorylates the Uansmemhrane serine/threonine receptor 
TGF^Rl, which in turn initiates a phosphorylotion-medi- 
8 ted signaling cascade. Hence, combinatorial roceptonttgand 
interactions will also determine functional specificity Third, 
signaling from TGF0R1 can occur through two cytoplasmic 
signaling proteins called SMAD2 and 3 (39, 40) and. per- 
haps, through a third called SMADS (41). In addition, 
SMAD6 and 7 can also interact with the other SMADs to in- 
hibit signaling (42-44). Hence, differential SMAD protein 
interactions with transcriptional machinery will probably 
also determine functional specificity for the three TGFp 
ligands. Finally, there may be several non-transcriptional 
signaling pathways for TGF0S. For example, we have found 
that TGFpi-dettcient platelets from Tgfbl knockout mice 
have unpaired platelet aggregation that can be restored by 
incubating isolated platelets with recombinant TGFpi (un- 
published observations). Because platelets do not have a 
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nucleus, there must exist a signaling pnthway that is 
nontranscriptional. In summary, given the complexities of 
hgand processing, receptor interactions, and signaling path- 
ways, it becomes dear why redundancy in TGFl t 2, and 3 
function h»s not been detected at the whole animal level, 
even though there is considerable overlap in expression of 
Tgfh gone family members. Consequently, if other gene fami- 
lies function with similar complexity, It is likely that, m the 
final analysis, little functional redundancy will be found 
within gene families. 

Two striking examples of apparent functional redundancy 
are worth considering. The first involves myogenic genes, 
and the second involves rctinoic acid receptors. Contrary to 
early mlcrpretations, redundancy does not now appear to be 
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Figure 1 . TCPp signaHcg pathway The TCF£ Uganda, TGFBl fpi), TGFA2 02), and TGFp3 (03), exist primarily in o latent form in vivo 
and are activated hy met ha mams not yet dear In general, TQF&2 Interacts *itf* aTGFli type III rectpttr (Mil) before intcroction with 
TGFp type II (HID an4 TGP£ type I <RI> receptors; whereas, the TOf>l and TGF03 Uganda can interact directly with the type U receptor: 
The Ugand receptor crimplaxn* can than associate with sevoral cytoplasmic molecules, fnracsyl proloiu transferase (FPT) and FK606 
binding protein- 12 tFKBP-12), betnjr two potential examples. The nxcpior-ligond complex annals to the nucleus throujjh threonine/ 
aerinc pfeoephorylation «f n aerie* of SMAD jrrotein* treluted to Uie Drosopaiia 'end tiers against docflixhiitflplegic" protoin> wMen thon 
elicit traaadptionol regulation of extacellular matrix, ceil cycle, differentiation and growth factor receptor genes. The rules of the ouwc*- 
nted cytoplasmic molecules PPT end FKBP-12 nre net clear but are thought to involve BAS pathway signaling and modulation of sipjaj- 
ing through the SMAD proteins. 



the case for two of the myogenic genes known to be essential 
for specification of vertebrate skeletal muscle, Myod and 
Myfi. Even though the iadividual knockouts have muscle, 
and only the combined knockouts do not have muscle <45), it 
is now clear that each gene functions in the specification of 
distinct muscle cell lineages. Consequently, in the absence of 
one source of muscle celhi, the other source may compensate 
for chat (46, 47). This should be termed developmental com- 
pensation, rather than gene redundancy On the other band, 
with respect to retinok arid receptors, there is slso good evi- 
dence for functional redundancy. Similar to the myogenic 
genes, ret i note acid receptor gene knockout mice have few . 
phenotypea, whereas the combined knockouU have mw*y 
phenotypes (48, 491. Who the r this turns out to be gene to- 
dundancy or another case of developmental compensation 
remains to be determined. 



Lack ofphenotype:As is the case for TGFft there also is 
a multitude of reports indicating tliat theF&Fs I end2Jieve 
important roles in numerous cell typos and tissues* Conse- 
quently, when the Fg/2 gene was knocked out by gene tar- 
geting, it was quite surprising that ihero wsw no obvious 
phenotype (50). The F$2 ,,r animals live a long, healthy life, 
and fertility and fecundity are normal. Even the pituitary 
gland, which is the best source QJFGF2, appears not to have 
morphologic defects. The only evidence for any devcloptncn • 
tal abnormalities is found in hematopoiesia (50), where 
blood platelet counts are high, and in the cerebral cortex (51, 
52), where roorphomctric unnlysts reveals decreased cell 
density. Clearly, these abnormalities arc minor, compared 
with expectations. This was aJJ the more evident because our 
transgenic mice, in which the human F0F2 gene was ubiq- 
uitously overexprcsscd by the phosphoajyecrato kinase pro- 
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motor (53> t had very abort legs, suggesting an important rote 
of in bono development, yet the bones of the knockout 
animals were normal Thi» apparent cUscrepancy between 
Uie transgenic m4 kmxkout mice indicate* ihatsomc other 
FGF signals through the nam* FGF reeeptOT as (iocs FGF2, 
and that this other FGF is the true ligand that is important 
tn bone development. Another possibility is that there is "de- 
velopmental compensation" by alternative mechanisms. In 
other words, the absence of FCF2 may cause developmental 
abnormalities during bone development that are then com- 
pensated for by another developmental pathway. This alter- 
native would cot necessarily require a different FGF w» be 
involved. , „ m . . . 

After we bad made our first analysis of the Fgfi knockout 
mouse and did not find an obvious pkenotype, it was easy to 
explain the lack of phenotypo- by invoking redundancy be- 
cause there are at least 18 known Fgf genes. But in hind- 
sight, it now appears more likely that all members of this 
large gene family have specific junctions, even though they 
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signal through receptors encoded by only four receptor genes 
(54) In FBf2 knockout mice, evidence woo not found for on- 
regulation or the two Uganda most structurally related to 
FCF2 namely, FGFs 1 and 5 C50X Also, genetic combination 
of Fnk ond Fgfo (50) did not reveal redundancy bevween 
these similar gene*. In addition, further analysis of the 
mice revealed roles being played in uematopoiesis end 
vascular tone control (50) as well as m brain development 
and wound heating «1. 52). Finally, in addition to Fg!2 t 
Fefs 8-5 7,8 nlao have been ablated by gene targeting, re- 
vealing functions in proliferation of the inner cell mass 
(Fsf4) (65); E u6trulaUon and cardiac, craniofacial, fore- 
M* IShS. and cerebellar development (**») 
brain'ond inner ear development (Fgtf) (57, 58); and i two 
aspects of hair development iFgfi and 7) <59. 60), lb date, 
comparison of r^/knockoot phenotypes from 8 . of the 18 
Wgenes has not turned up overlap except possibly m the 
cerebellum. Tbgethcr, these tcbuIU indicate that each 
gem? has important unique functions. Although a few re- 
dundant functions may eventually be found on combina- 
tion of Fgf2 with all other Ftf* except FjgfS, It is clwr that 
6 Of the ltt Fgfgvx* studied by gene targeting have been 
associated with essentially uuique knockout phenotypes. 

TbSTunmajrue, what originally appenred as ^ack of phcao- 
type" led many of us to the prematere conclusion ^acottwr 
FGFs must have functions redundant to those of FGF2. 
However, further analysis of Fg/2 knockout mice has since 
revealed a wealth ofunwiue functions rangingfrwo thromb- 
ocytosis end vascular tone control (50) to brain development 
and wound healing (51, 52). it ts my expectation that further 
physiologic analysis of xXwFgtf knockout mouse will rove«l 
functions in the hypertrophic response to hypertension and 
responses to ischennVrcperfueion injury and hone injury In 
the final enalysis, it is likely that the m^r roles ef FGF* 
may have less to do with getting us to birth than with keep- 
ing us alive after birth, whereas several other FGFs clearly 
have developmental roles. 

Effects of genetic background on phenotypic varia- 
tion: From 100 years of moube genetics, it has become dear 
that genetic background plays an important role in the sus- 
ceptibility of mice to many disorders, therefore, the pheno- 
types of knockout mouse strains will also have genetic 
background dependencies, as was first documented by the 
Magnoson and Wagner groups C$1. 62). Hie Tg/W knockout 
mice are an exceptional case in point C ftmle 3). On a muted 
(50'6G) 129 x CF1 background <CFl is a partially putbred 
strain), about half of Tgffil knockout mice die from a prwin- 
ptontation developmental defect (63), And the «tl«T half die 
of an aotoimroune-liko multifocal inflammatory disease at 
about wcaniog age (29). tf the targeted Ttfbl allele is back- 
crossed onto a C57BL# background, 99* of all knockout 
animals die of the prcimplantation defecum However if a 
Tgfbl knockout allele is put onto a mixed 120 x MH/Ola x 
C57B176 background, embryo lethality is observed during 
yolk sac development, not during preimplantation develop- 
ment With respect to the multifocal inflammatory dis- 
order of Tgfbl knockout mice, if the targeted allele is put 
onto a 129 x CF1 mixed background (50:50), severe inflam- 
mation exists only in the stomach (29): on the mixed 129 x. 



X40 



29 



Special Tbpic Overview 



Table a Background dependency o*rftfl>J toncefaHn phooctypes 



fhesoqnpc penetrance on vnrtom 61 rain 1 1%\ 



129XCF1 



ISSxCs? 



129 1 can 



C5T 



13 



C3H 129kC67< NMH/Ola 



Pnimphtnuoitui lethality 50 KD 

Yolk t« lethality 0 0 

Aufcoimmuno JU«ww 50 50 

Gastric I ttflaa Hindoo 60* M*" 

IuteAicm) inflammation 0 TO" 

Colon ameer ND WD 



ND 
KD 
CO 

KD 
KO 
KD 



00 
KD 

I 

KD 
KD 
KD 



MO 
NO 
KD 
ND 
NO 

IflO 



ND 
KD 
«D 
ND 
KD 
0 



0 
50 
SO 
NO 

m 

NO 



lVrccnlagc of kttoekeot ofiimah of a given strain tluK havo tbe ewignnttd phenotypc 
* For dvioili, sec references 84, 6T . 

fc AppnwimaUily HK» of animal* with atfttlaumiiKi diwa*! haw na delectahto £DstroinU»tfno) tract Inflammation. 
'Unpublished obs*rvatioaa 
ND« oat detormi£od* 



NTJH/Ola * C67J3U$ background, tho intestines are ran re se- 
verely inflamed than is the stomach (651 Finally, on a pre- 
dominantly 129 background U29 x CFl; -97:3), Tgfbl 
knockout mice develop colon cancer if the inflammatory dis- 
order cart be eliminated by other genetic manipulations that 
render the miee immunodeficient (unpublished observa- 
tions). However, on a predominantly C3H background, im- 
munodeficient Tgfbl knockout mice do not develop colon 
cancer (66). These results suggest that modifier genes exist 
that can significantly sited the function of TGfpi iu preim- 
plantatfon development, yolk sac development, bowel and 
gastric inflammation* and colon tumor suppression. 
Progress toward localizing a modifier gene for the yolk sac 
developmental problem has been made (67), 

What is the best genetic background for knockout 
mice? Because backgreund-dependcnt phenotypic variabil- 
ity will likely be found for mast knockout mice, it will bo use* 
ful to backcross a targeted allele onto several mouse 
background!! to make conaanic strains. In this section, it will 
be argued that putting a targeted allele on a mixed strain 
background will also provide useful information. This is not 
to soy that congemc strains arc not useful. Kather, the point 
to be made here ifi that there also ore benefits to looking at 
mixed strain backgrounds, Again, our experience with Tgfb 
knockout mice will be instructive. 

Generating homozygous mutant knockout animals on a 
mixed genetic background is fester. The E3 cells are nearly 
always from a 12$ strain, and the blastocysts into which tho 
targeted B$ cells are injocted are nearly always C67BL/5. 
Par reasons unknown, this is e good combination for estab- 
lishing germ line transmission of tho injected BS cells. Th« 
resulting chimeras can then be crossed with any strain de- 
sired, but 129, C57BL/6, or Black Swiss mice are most often 
used, and CFl mice were used in the case of our Tgfbl 
knockout mice. Heterozygous offspring from this crossing 
will then be inbred 129 or Fi hybrids of 129 and ono of the 
other strains. Clearly then, the quickest route to having tho 
knockout allele cm an inbred strain is through For the 
other strains savernl generations of back crossing j s re- 
quired, which can take well over a year Unfortuiiately, 
Btrain-129 mice have low fertility and fecundity. Conse- 
quently, the number of offspring per litter is uKually fewer 
than six. Although 129 x C57BI/6 hybrids are more robust, 
upon backcrossiag onto C57BL/6, litter sue decreases. TO 
tho contrary; tho Black Swiss and CFl strains are robust, 
and litter size often is in excess of 12, The reason for this is 
probably because they are not truly inbred strains, but 



rather are partially outbrcd through random breeding 
within their respective strains. Therefore, one of the choices 
one has is to stay with "pure* genetics at the expense of a 
lower production rate and considerable delay before genera- 
tion of experimental animals, or sacrifice seme genetic pu- 
rity to obtain a more efficient production colony. Ideally one 
would want U* do both, but this often is too expensive. 

Mixed genetic background knockout mice often have a 
wider range of phenotypes. Tlie Tgfbl knockout mice back- 
crossed onto either the 129 or C57BL/0 background 
(cungenics) yield only embryo lethality (63, unpublished ob- 
servations). On the other hand, when the knockout allele is 
maintained 00 mixed genetic backgrounds, embryo sad 
adult phenotypes are maintained. 

The Tgfb2 & Tgfb3 knockout mice provide further ex- 
amples. The Tgjb2 knockout mice have more than two dozen 
congenital defects and die either immediately preceding or 
during birth, or within 2 h thereafter <3Q1 'Table 2 indicates 
that most of the phenotypes arc only partially penetrant. 
Though it is not documented, it is likely that the penetrance 
of soma of these phenocype* would increase to nearly 100%, 
and some of the other phenotypes would disappear were wc 
to put tha Tgfh2 knockout allele on inbred backgrounds, 
Hence, the mixed strain background probably provided more 
information than/would congenic strains. 

The Tgfb3 knockout mice have a cleft palate (31). One 
colony of Tgfb3 knockout mice was loft as a mixed back- 
ground (129 x CFl; 50:50) strain* whereas another colony 
was backcrossed several generations to the C&7B1/6 strain. 
These two colonies had considerable expressivity differ- 
ences; the inbred colony had more severe clotting then did 
the mixed bockground colony. In the latter, expressivity of 
deftsag varied widely from ammal to animal. This variable 
expressivity within the mixed background colony provided 
us with the opportunity to obtain far more data on develop- 
ment of the deft palate and was, therefore, more useful for 
making assumptions about the cellular and molecular 
mccharusma by which TGFftf supports palate fusion. Hence 
using the T%fb3 knockout mice, the mixed strain background 
provided more information than did the congenic strain. 
Consequently, a wider range of penetrance and expressivity 
of phenolype is a major advantage of investigating knockout 
phenotypes In mixed background colonies. Further; variable 
penetrance of phanotype in a mixed background colony sug- 
gests that there arc modifier genes for each phenotype that 
could he obtained by linkage studies. 
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Conclusions 

Questions have been addressed that arose from the last 8 
years in which kncefcwt mice have been investigated to ana- 
lyse gene function at the wlwlc animal level These questions 
cooeemgene redundancy apparent lack of phenotype in a sur> 
prising number orknockoui strains, and effects of genetic back- 
ground on knockout phenotype. Using data obtained 
principally ftom Tgfb nnd Fgf knockout mice, it is argued that 
there is probablylittle redundancy in the t.'enome CLe,, that Tew 
genes are dispensable for survival of the species). Apparent 
lack of phenotype more Kkely reflects our ioubtfity to ask the 
right questions, or our lack of tools to answer them, than it does 
a true lack of function. Finally, discussion of genetic hack- 
ground phenotype variability including variable penetrance 
and expressivity, was used to present some of tho advantages of 
working with mixed genetic background colonies of knockout 
mice. For all the examples given here, there orb counter ex- 
amples thai must bo token seriously; consequently, these argu- 
ments must not be taken as absolutes. For example, if a gone in 
a particular mouse strain has recently been duplicated, it will 
moat likely be redundant. If one is studying tissue rejection in 
a knockout mouse, the genetic background obviously must be 
weB defined and pra&rabry inbred. 0* if one wonts to use the 
susceptibility of a particular mouse strain to cancer to investi- 
gate the function oCtheknockout gene in progression of that 
cancer, the knockout allele must be put on that mouse strain. 
In gimeral.hovveveii when setting up approaches for investigate 
tag b new gene knockout mouse, t believe one would he well 
advised to assume that: there is little geae redundancy in 
mammals; there are knockout phenotypes even if none arc im- 
mediately apparent; a«d investigating phewtypes in mixed 
genetic background colonies may not only reveal more pheno- 
types, but may lead to better understanding of the moleeular or 
cellular mechnnism underlying the phenotype, and may lead to 
modifier gene discovery 
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